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The fundamental event in prion disease is thought to be the posttranslational conversion of the cellular prion 
protein (PrP c ) into a pathogenic isoform (PrP 80 ). The occurrence of PrP c on the cell surface and PrP 8 * 1 in 
amyloid plaques in situ or in aggregates following purification complicates the study of the molecular events 
that underlie the disease process. Monoclonal antibodies are highly sensitive probes of protein conformation 
which can be used under these conditions. Here, we report the rescue of a diverse panel of 19 PrP-specific 
recombinant monoclonal antibodies from phage display libraries prepared from PrP deficient (Prnp 0/0 ) mice 
immunized with infectious prions either in the form of rods or PrP 27-30 dispersed into liposomes. The 
antibodies recognize a number of distinct linear and discontinuous epitopes that are presented to a varying 
degree on different PrP preparations. The epitope reactivity of the recombinant PrP (90-231) molecule was 
almost indistinguishable from that of PrP c on the cell surface, validating the importance of detailed structural 
studies on the recombinant molecule. Only one epitope region at the C terminus of PrP was well presented on 
both PrP c and PrP 80 , while epitopes associated with most of the antibodies in the panel were present on PrP c 
but absent from PrP^. 



Prion diseases are disorders of protein conformation that 
are characterized by a profound degeneration of the central 
nervous system (24, 25). The fundamental event in the patho- 
genesis of these diseases is the conversion of the cellular prion 
protein (PrP c ) into the scrapie isoform (PrP Sc ). Evidence from 
modeling structural studies, including infrared spectroscopy, 
circular dichroism, and multidimensional heteronuclear solu- 
tion nuclear magnetic resonance (NMR) argues that PrP Sc 
formation involves an extensive conformational change in 
which the a-helical content of PrP diminishes and a large 
amount of 0-sheet is acquired (3, 6, 11, 13, 19, 21, 28, 31, 35). 
Detailed structural studies of PrP Sc have, however, been tech- 
nically difficult to carry out. Limited proteinase K digestion 
employed during the purification of PrP Sc yields PrP 27-30 
which assembles into rod-shaped polymers with the ultrastruc- 
tural and tinctorial properties of amyloid (18, 27). 

Another approach to probing conformational transitions in 
prion proteins is to generate antibodies to diverse epitopes of 
PrP c and PrP Sc . However, natural infection induces no hu- 
moral immune response to infectious scrapie particles (17), 
and immune tolerance to the highly conserved PrP amino acid 
sequence has restricted the generation of monoclonal antibod- 
ies in normal mice (2, 15, 30). To access a wider spectrum of 
PrP-specific monoclonal antibodies, we raised antisera recog- 
nizing mouse (Mo) and Syrian hamster (SHa) PrP in mice 
homozygous for PrP gene knockout (Prnp 0/() ) (4, 26) and pre- 
pared combinatorial phage antibody libraries from these ani- 
mals as described previously (1, 5, 12, 34). 

Antibody libraries were constructed from Prnp 0/0 mice im- 
munized either with prion rods containing MoPrP 27-30 or 
with disaggregated PrP 27-30 incorporated into liposomes (9, 
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10, 22). Mice immunized with prion rods received an immuni- 
zation and three boosts. Animals immunized with PrP 27-30 in 
liposomes were divided into two groups and received either an 
immunization and two boosts (long immunization) or, in an 
attempt to increase the diversity of the antibody response, an 
immunization and a single boost (short immunization). For 
each mouse, PrP-specific reactivity in all four subclasses of 
serum immunoglobulin G (IgG) was determined by enzyme- 
linked immunosorbent assay (ELISA) against MoPrP 27-30 
treated with the denaturant guanidium thiocyanate (GdnSCN). 
Mice immunized with prion rods generated PrP-specific serum 
antibody titers predominantly in the IgGl and IgG2b sub- 
classes, whereas mice immunized with PrP 27-30 liposomes 
produced a strong PrP-specific response in all IgG subclasses. 
Serum antibody reactivity has proven to be accurate in pre- 
dicting the specificities rescued from the corresponding phage 
libraries (5, 33). We therefore prepared an IgGlK and an 
IgG2bK Fab library from a mouse immunized with prion rods. 
Additional IgGlK, IgG2aK, IgG2bK, and IgG3K Fab libraries 
were individually constructed from each of the two groups of 
mice given long and short immunizations with PrP liposomes. 
All of the libraries were prepared with total RNA extracted 
from spleen, bone marrow, and lymph node tissue, and all con- 
tained over 10 7 members. 

The phage libraries were individually selected against dena- 
turant-treated PrP 27-30, recombinant PrP(90-231) and deter- 
gent dispersed PrP 27-30 as previously described (1, 22). Phage 
recovered from the fourth or fifth round of panning were 
converted to express soluble Fab (1) and tested for specific PrP 
reactivity in ELISA against denaturant treated PrP 27-30 and 
SHaPrP(90-231). The heavy chain amino acid sequences were 
determined for antigen-reactive Fab clones, and this informa- 
tion allowed the clones to be sorted into distinct families, as 
illustrated in Table 1. 

Libraries constructed from mice immunized with Mo prions 
yielded five novel antibodies, designated Fabs PrP28, p r pi« od «*i | 

Pr p3 4 blockcd PrP3 rccPrP ^ ^^DLPC ^ Ubraries CQn _ 
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TABLE 1. Partial heavy chain amino acid sequences of selected recombinant Fabs recovered from immunized mice 



Clone 0 



FR3 region sequence 



CDR3 region sequence 



FR4 region 
sequence 



Epitope 
react ivit/' 



Immunization with 










MoPrP 27-30 rods 










PrP28 


KATLTADKSSSTAYLD LRSLTS ED S AVYFCAR 


HDGYPFAY 


W GQ GTLVTVS A 


DC 


p r p 3 reciTt» 


KATLTAD KTSSTAHIQ LSSLTSEDS AVYFC AR 


GFYYGSRYGPMDY 


WGQGTSVIVSS 


DC 


PrP28 uu»c 


KATLTAD KSSSTAYMDLRSLTSEDS AA YFC AR 


VPISVY 


WGQGTTLTVSS 


DC 


p r pi blocked 


KATLTVDKSSSTAYIQ PSSLTSEDS AVYYCAR 


WGPFFYYGSRPSYYAMDS 


WGOGGSVTVFS 


DC 


PrP34 blocked 


RATLTADKSSTTAHLQLFSLSSEDSAVYFCSR 


SRSTNYFDY 


WGQ GTTLAVSS 


DC 


Immunization with dispersed 










"3T4nPrP 97- inrnrnnrat- 
Olldl li Cl m J\} lllk-UipuidL- 










cd into liposomes 










Rl 


KATLTVDTSSSTAYVDLSSLTSEDS AVYYCAR 


EGHFPPDY 


WGQGTTLTVSS 


III 


R2 


KATLTVDKSSSTAYIQLSRLTSEDSAVYYCAR 


EGDAYPFGH 


WVQGTLVTVSS 


III 


R5 


KATLTV DTSS STAYV DLNSLTSED S AVYYCTR 


EDSSYPFAY 


WGQGTTLTVSS 


III 


RIO 


KATITADTSSNTVYLQLRSLTSEDTAIYYCGR 


FDGNGWYFDV 


WGAGTTVTVSS 


I 


R23 


KATLTV DKSSSTAYMQ LSSLTSEDS AVYYCAR 


GGYYGAMDY 


WGQGTSVTVSS 


DC 


R25 


RATLTADTSS ST A YM Q LSSLTSED STVYFC AR 


RRLITTLVDSWSFDV 


WGQGTTVTVSS 


DC 


R40 


KATLTADKSSSTAYMELRSLTSEDSAVYFCAR 


DYVKGYFDV 


WGTGTTVTVSS 


DC 


R72 


EATLTVDKSSSTAYMELRSLTSEDTAVYYCVR 


RGIYHYAMDY 


WGQGTSVTVSS 


II 


D2 


KATLTVDKSSSTAY MQ LSR LTSED SAVYYCAR 


EGDYYPFGH 


WGQ GTLVTVSS 


III 


D4 


KATITADTSSNTVYLQLRSLTSEDTAIYYCGR 


FDGNGWYLDV 


WGAGTTVTVSS 


I 


D7 


RFAFSLETSASTAYLQ INNLQNEDTATYFCV S 


RGGDYGSSAFDY. 


WGQGTTLTVSS 


III 


D13 


RFTISRDNAKNTLYLQMSSLKSDDTAMYYCGR 


LGGDYGGSYLDY 


WGQGTTLTVSS 


DC 


D14 


KATLTVDKSSSTAYMELRSLTSEDSAVYYCAA 


YFYAMDY 


WGQGTSVTVSS 


D18 


KATLTVDKSSSTAYMELRSLTSEDSAVYYCAG 


FYYGMDY 


WGQGTSVTVSS 


DC 



a Clones Rl, R2, R5, RIO, R23, R25, R40, and R72 were panned against recombinant SHaPrP(90-231) and clones D2, D4, D7, D13, D14, and D18 were panned 
against dispersed SHaPrP 27-30. 

h DC, discontinuous. 1, II, and III are designations of linear epitope regions as described in the text. 



structed from mice immunized with PrP liposomes initially 
yielded a large number of closely related sequences, of which 
Fabs Rl, R2, R5, and RIO are examples. Fabs D2, D4, D5, D7, 
D13, D14, and D18 were recovered by panning against dis- 
persed SHaPrP 27-30. On a number of occasions, Fabs with 
similar sequences were recovered by panning against both 
SHaPrP(90-231) and SHaPrP 27-30 (e.g., R2 and D2, respec- 
tively). To generate greater diversity, the PrP antigens were 
masked with Fabs rescued from the first panning experiments, 
then re-presented to the libraries (7). Amino acid sequences of 
ELISA reactive Fab clones taken from these experiments con- 
tained several additional Fabs, R23, R25, R40, and R72, with 
novel heavy chain amino acid sequences. 

The antigen-binding profiles of the novel recombinant Fabs 
were assessed against various PrP preparations as shown in 
Table 2. Reactivity of Fabs with cell surface MoPrP c was 



assessed by flow cytometry as described previously (34), us- 
ing the mouse neuroblastoma line N2a (16) and a transfected 
Chinese hamster ovary (CHO) cell line expressing SHaPrP e . 
Antibody recognition of PrP c and PrP Sc in situ was examined 
by immunostaining blotted cryostat sections of brains taken 
from normal uninoculated CD-I mice and SHa, and from 
clinically ill CD-I mice and SHa inoculated with Mo(RML) 
prions and Sc237 prions, respectively, as described previously 
(32). The Fabs were also assessed for their ability to immuno- 
precipitate SHaPrP c from transfected CHO cells (14, 22) and 
SHaPrP 27-30 from liposomes (22). 

All of the antibodies reacted well in ELISA with recombi- 
nant SHaPrP(90-231) and with PrP 27-30 rods following incu- 
bation with 3 M GdnSCN. All of the antibodies also detected 
PrP 550 in situ following treatment with denaturant and, with the 
exception of Fab R72, also efficiently immunoprecipitated 



TABLE 2. Reactivity of recombinant monoclonal Fabs against different PrP preparations" 



Fab 


Epitope 
reactivity 


Cell-surface 
Prp c 


REC PrP 
(90-231) 


PrP 27-30 in ELISA 
(GdnSCN treated) 


PrP 27-30 in ELISA 
(untreated) 


PrP 27-30 immuno- 
precipitation 


PrP c immuno- 
precipitation 


PrP in situ 
(GdnSCN treated) 


PrP28 


DC 


+ 


+ 


+ 




nd 


nd 


+ 


PrP28 DLPC 


DC 


+ 


+ 






nd 


nd 


+ 


p r p 3 rccPrP 


DC 


± 


+ 


+ 




nd 


nd 


+ 


p r p ^blocked 


DC 


+ 


+ 


+ 




nd 


nd 


+ 


PrP^4 b,ockcd 


DC 


+ 


+ 


+ 




nd 


nd 




R10 


I 


+ 


+ 


+ 






+ 


+ 


R72 


II 




+ 


+ 


+ 


± 


+ 


+ 


Rl 


in 


+ 


+ 


+ 


+ 


+ 






R23 


DC 


+ 


+ 


+ 






+ 


+ 


R25 


DC 


+ 


+ 


+ 








+ 


R40 


DC 


+ 


+ 








+ 


+ 


D14 


DC 


+ 


+ 


+ 








+ 


D18 


DC 






+ 






+ 


+ 



" For an explanation of epitope reactivity data, see Table 1, footnote 6. +, strong reactivity; it, weak reactivity; — , no reactivity; nd, not done. 
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MoPrf PRIMARY SEQUENCE 



FRAGMENT CLONE 2 
FRAGMENT CLONE 3 
FRAGMENT CLONE 4 



FRAGMENT CLONE 6 
FRAGMENT CLONB 7 



MoPrP PRIMARY SEQUENCE 

FRAGMENT CLONE 1 
FRAGMENT CLONE 2 
FRAGMENT CLONE 3 
FRAGMENT CLONES 
FRAGMENT CLONE 5 
FRAGMENT CLONE 6 



FRAGMENT CLONE 8 



ntyc.nnrNNn w N K PS KP ktnlkh vag a a a aq a v vog 

HNO W NK PS KP KTNLKH VAOAA AAOAV V 
HNOWNKPSKP KTNLKKVA 

H NOW NIC PSKP KTHLKHVAOAAAAOAVVO 
H NOW NK PS KPKTNLKH VA 

HNOWNKPSKPktn 

HNPWNKPSKPktnl 

HNOWNKPSKP 



I ill 

CQCCCT ff N Q WNKP . S KPKTNLKH V AG AAA AOAVVGG 
HNPWNKPSKPKTNL 
HNOWNKPSKPKTN 
HNPWNKPSKPKTNL 
HNOWNK PSKPKTNLK 
H.N-Q.W NKPSKPKTNL 
HNQWNKPSKPKTN 

HNOWNKP 

H NO W N K P SKPKTNLKH 



MoPfP PRIMARY SEQUENCE 



GQGGGTfi 



KP_£TNLKH VAG A A A AG A WGG 



rRAOMONT CLONE 1 H N O W N K P S KPKTNLKHVA 

FRAGMENT CLONE 2 HNOWNKPSKPK 
FRAGMENT CLONE 3 HNOWNKPSKPK T 

FRAGMENT CLONE 4 G G G TH NflW NKPSKPK TNLKHVAGAAAAGA 

FRAGMENT CLONE 5 H NAWNKPSICPK T N 

FRAGMENT CLONE 6 HNOWNKPSKPK TKLKH 

TOAGMENT CLONE 7 OGO THNOWNK PSKPK T NL 

FRAGMENT CLONE 8 HNQWNKPSKPKTN 

FRAGMENT CLONE 9 IIGGGWGOOGG TH N'OWK'ICPSKPK TN 



MoPiP PRIMARY SEQUENCE 

FRAGMENT CLONE 1 
FRAGMENT CLONE 2 
FRAGMENT CLONE 3 
FRAGMENT CLONE 4 
FRAGMENT CLONE 5 
FRAGMENT CLONE 6 



MoPrP PRrMARY SEQUENCE 

FRAGMENT CLONE I 
FRAGMENT CLONE 2 
FRAGMENT CLONE 3 
FRAGMENT CLONE* 
FRAGMENT CLONES 
FRAGMENT O -ONE 6 
FRAGMENT CLONE 7 
FRAGMENT CLONES 



MoPrP PRIMARY SCQUENCG 

FRAGMENT CLONE 1 
FRAGMENT CLONE S 
FRAGMENT CLONE 3 
FRAGMENT CLONE 4 
FRAGMENT CLONES 
FRAGMENT CLONE 6 
FRAGMENT CLONE 7 
FRAGMENT CLONE t 
FRAGMOrr CLONE 9 



142 152 163 171 

ONDWEDnYYIt EWMygypyOVyy nPVDOY 



YRfiNMYRYPNOVYY 

vaBNMVR VPNnVYV 
YYR ENMYRY PNQ V Y Y RPVD 

dryyrENMYRYPNOVYYRP 
ENM YRYPNQVYY 
YRRNMYRYPNQVYY 



215 225 231 239 

I lit 
VTQYQKESQA rTPffftftgSSTVLFSS 

Y YDfiRRSs 
Cg »A vvnnRRSs 
a vvnoRRS 

ifFMOA Y YDGRRS 
Q YQKESQ AY_Y_Q_OB_B_S 

AVVDORRSSSTVLFSS 

YYPfiRRiSSST 

WnflRRSSSTV 



V TQ Y Q K ESQ A X_XJ2JL&A£S ST V LFS S 

ESQAYYDfiRRS 

VYDORRSSSTVLFS 

YYnnRRSSSTVLPS 

VYDORRS 
r^VYnORRSS 

esqaYJlXLOBJBLSs 
Q Y Q K E SQ A XXOCLBJELS 

VYnnRRSSSTVLFSS 

YYnORR.SSSTV 



FIG. 1. identification of linear epitopes from PrP protein fragment phage display libraries. Three linear epitopes, designated 1, U, and 111, were identified by panning 
the PrP fragment libraries against recombinant Fab fragments applied to EL1SA wells. Sequence alignments of clones taken following two or three rounds of panning 
are shown below the corresponding mouse PrP amino acid sequence. Regions of commonality are underlined. (A) Fab RIO; (B) Fab D4; (C) Fab D13; (D) Fab R72; 
(E) Fab Rl; (F) Fab R2. 



SHaPrP c from txansfected CHO cells. PrP c in its native state 
on the surface of the mouse neuroblastoma line N2a (16) and 
a transfected CHO cell line expressing SHaPrP c were recog- 
nized well by all Fabs, with the exceptions of PrP3 rprp , which 
bound weakly, and R23 and R72, which did not bind at all. 

We next sought to identify the binding epitopes recognized 
by the recombinant antibodies by using both peptide-based 
ELISA studies and PrP fragment libraries displayed on fila- 
mentous phage. Initially, we studied antibody reactivity against 
a series of synthetic peptides representing residues 90 to 231 of 
SHaPrP. Twenty-seven peptides that were 15 residues in length 
and that overlapped by 5 residues at the N terminus were 
prepared and individually applied to ELISA plates to deter- 
mine the reactivity of each antibody. In addition, protein frag- 
ment libraries of mouse PrP were prepared for display on the 
surface of M13 phage via fusion with coat protein HI by using 
the phagemid vector pFRAG in a variation of the method of 
Petersen et al. (23). pFRAG was constructed by placing a 
39-base-pair insert containing two distinct BgUl sites into the 



Xhol and Sfil sites of the phage display vector pComb3 (1). 
The fragment libraries were panned individually over each 
recombinant Fab bound to ELISA wells. Following specific 
enrichment over sequential rounds of panning, the encoded 
PrP fragments of a representative population of phagemid 
clones were determined by DNA sequencing. Alignment of 
these sequences permitted the identification of a core se- 
quence common to each clone, which likely approximates to 
the epitope of the antibody, as shown in Fig. 1. 

Data collected by both these approaches were highly consis- 
tent and indicated that a subset of recombinant antibodies, 
recovered following immunization with PrP liposomes, recog- 
nized three linear epitope regions, designated I, II, and III. 
Epitope region I was recognized by three antibodies (RIO, D4, 
and D13) and lies within residues 96 to 104, a region of the 
protein shown in solution NMR studies to be largely disor- 
dered (8, 13, 29). Epitope region II was localized to residues 
153 to 161 and was bound exclusively by Fab R72. This anti- 
body was recovered when libraries prepared from mice immu- 
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MoP,P PRIMARY SEQUENCE G 0 L G G V M I O S A M .T R P M I H F f? N D WE 0 R Y Y R ES M Y R Y ? 



rRACMENTCljONBI 
PRAOMCNT CLONE 1 
1-RAGMENT CLONE 3 
FRAGMENT CLONE 4 
FRAGMENT CLONE 5 



GOLGGYMLGSAMSRPMmFfiNDWFDR YYRRNMYRY 

gn. nnvm ns AMSRPM1HFONDWKDR YYRENMYRY 

AM ^RPMIHFG MnWRnP V V R PMMYH YP 

AMSRPMIHPONDWEP HYY nFMMYRYp 
AMKHPMTHFONDWEDRYYREMMYRYP 



MoPfP PRIMARY SEQUENCE MLGSAMSR PMIHFGN DWEDRY YR EN M Y R YPN 



FRAGMENT CLONE I 
FRAGMENT CLONE 2 
FRAGMENT CLONE 2 
FRAGMENT CLONE 4 
FRAGMENT CLONE S 
FRAGMENT CLONE 6 
PH ACIMFNTCl ONE 7 



AMSRPMTHFqNPWEPRY YRENMyryp 
amsrpmihP(] MPy RPRYYREWwrKYf 

AMSRPMfHFGNDWFDRYYRENMVgyP 
AMSRPM IHFCNDWEDRYYRENMYtVP 

AMSRPMIHFGNDWEDRYYRENMYRYP 
PMfHFGNPWEpR YYREN 



FIG. 2. Identification of nonlinear epitopes from PrP fragment display librar- 
ies. Of the recombinant Fabs that did not recognize overlapping 15-mer PrP 
peptides only (A) D18 and (B) R40 specifically selected for phage bearing 
related PrP sequence. The sequences shown were obtained following five rounds 
of panning. Regions of commonality are underlined. 



nized with PrP liposomes were panned against recombinant 
SHaPrP(90-231). Its epitope contains the final four residues of 
the first helical region of PrP(90-231) and extends to the be- 
ginning of a short 3 -strand (S2) (13). Epitope region III was 
assigned to residues 225 to 231 at the very C-terminal end of 
PrP, adjacent to the glycosylphosphatidylinositol anchor. We 
presume this region to be immunodominant in mice immu- 
nized with PrP liposomes since the majority, of Fab-phage 
recovered from panning experiments against SHaPrP(90-231) 
and dispersed SHaPrP 27-30 reacted with this epitope. Of the 
recombinant Fabs that did not react with short peptides, only 
R40 and D14 specifically enriched phage from the PrP frag- 
ment library (Fig. 2). Fab R40 isolated phage that contained 
the amino acid sequence between residues 138 and 155, with 
a minimum consensus sequence of 17 amino acids between 
residues 137 and 153. Fab D18 enriched for phage bearing PrP 
sequence containing residues 133 through 157. 

To determine whether any of the Fabs would specifically 
bind to PrP determinants in solution, we employed a compe- 
tition ELISA technique in which antibody was preincubated 
with a range of concentrations of competing peptides, typically 
50 (xM to 50 pM, before being applied to PrP antigen. Sigmoi- 
dal binding curves were obtained for each antibody competi- 
tion with Graphpac (ISI Software). The concentration of each 
peptide required to inhibit 50% of the recombinant Fab bind- 



ing to the control polypeptide applied to the plate was then 
determined. The results are given in Table 3. Fabs RIO and 
D13, possessing divergent heavy chain amino acid sequences 
and both binding similar if not identical epitopes between 
residues 96 to 104, were competed effectively with synthetic 
peptides corresponding to residues 90 to 104 and 95 to 109. 
Fabs Rl, R2, and D7 recognized epitope region III (residues 
225 to 231) and were efficiently competed by peptides contain- 
ing amino acids 220 to 231 and 225 to 231. Interestingly, Fab 
R72 was efficiently competed with a peptide containing resi- 
dues 152 to 163 (the region identified as the binding epitope by 
the fragment libraries) but did not bind at all to recombinant 
SHaPrP(90-231) in solution. This epitope was, however, bound 
tightly when SHaPrP(90-231) was applied directly to ELISA 
wells, indicating that the epitope is normally either partially 
or completely inaccessible but becomes exposed when PrP is 
applied to ELISA plates. 

We reasoned that the antibodies recognizing discontinuous 
epitopes of PrP may bind longer synthetic peptides which may 
be able to adopt secondary structure arrangements found in 
the full-length protein (13, 29). We therefore synthesized a 
series of longer peptides corresponding to SHaPrP sequence 
between amino acids 90 and 145, 121 and 167, 147 and 167, 141 
and 178, 159 and 201, 178 and 231 (containing protected cys- 
teine side chains and therefore unable to form the disulfide 
bridge normally found between cysteine 179 and cysteine 214 
in intact PrP), and 174 and 231. However, none of the recom- 
binant Fabs was able to bind well to any of these peptides in a 
direct binding or competition ELISA, although recombinant 
SHaPrP(90-231) and SHaPrP(29-231) in a-helical states (8, 
13) were bound tighdy (data not shown). Similarly, in a com- 
petitive ELISA, with the exception of Fab R40, none of the 
Fabs was competed by the longer peptides. Fab R40 was par- 
tially competed with a peptide containing residues 127 to 167, 
which includes the region of sequence identified by this Fab 
from the protein fragment libraries (Fig. 3). We conclude that 
the discontinuous epitopes of PrP recognized by the antibodies 
may be fully formed only in the intact PrP(90-231) molecule. 

To exa mine species cross-reactivity, the recombinant anti- 
bodies were reacted in ELISA with SHa-, Mo-, bovine, and 
human t fP~\ A able 4). Fabs biadjngfepitope region, 1 reacted 
very strongly With SHa- and MoPrP but had only very weak 
reactivity with bovine and human PrP, When amino acid se- 
quences from the different species were examined in the region 
of epitope I, the only variation occurred at position 97, which 
is an asparagine residue in SHa- and MoPrP but is a serine 
residue in human PrP and a glycine residue in bovine PrP. The 
results suggest that the amino acid at position 97 makes direct 
contact with the group I antibodies. Epitope region II, recog- 
nized by Fab R72, is invariant across the species examined 
here, and predictably this antibody bound very strongly to all 
the PrP samples in ELISA. In contrast, residues 225 to 231 
that compose epitope region III exhibit considerable diversity 



TABLE 3. Inhibition of Fab binding by various PrP peptides 

Concn (u,M) required to inhibit 50% of Fab binding by: 

Fab — " ' ■ ■ . i . — ■■ 

PrP(90-231) PrP(90-104) PrP(96-105) PrP(147-167) PrP(152-163) PrP(1 54-163) PrP(I55-163) PrP(220-231) PrP(225-231) 

R10 3.0 0.8 0.4 ~~ 

D13 0.06 0.1 0.08 

R72 >50 1.2 1.9 7.8 18.6 

Rl 2.9 

R2 0.7 

D7 0.3 



0.2 1.4 
1.2 0.3 
0.01 0.01 
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FIG. 3. Dose response of the competing antigens recombinant SHaPrP(90- 
231) and synthetic peptide SHaPrP(127-147) with recombinant Fab R40. Absor- 
bance values were converted into percentages of inhibition. 

across different species. Fabs recognizing this region of PrP 
predictably bound to SHa- and MoPrP, which contain identical 
sequences between residues 225 to 231, but not to PrP from the 
other species tested, which contain markedly different se- 
quences in this region. 

In summary, we have generated a diverse panel of PrP-spe- 
cific antibodies from immunized mice. These antibodies have 
been characterized in terms of their amino acid sequences, the 
binding epitopes recognized, and their reactivity with a number 
of PrP-antigenic presentations. Surprisingly, given that we im- 
munized mice with infectious PrP 27-30 preparations, none of 
the rescued antibodies exclusively recognized this form of the 
protein, whereas ail but one antibody clone reacted well with 
PrP c as it occurs on the cell surface. Significantly, the epitope 
reactivity of recombinant PrP was almost identical to that of 
the cell surface molecule. This finding provides direct evidence 
that the conformations adopted by the recombinant prepara- 
tions used in structural studies of PrP closely approximate to 
that of PrP c in its native state. 

Only Fabs binding to epitope region III recognized PrP 27- 
30 prior to treatment with denaturant (22). In contrast, al- 
though available in PrP c , epitope I was not reactive in PrP 
27-30 prior to treatment with and removal of denaturant. This 
same pattern was observed for the antibody 3F4 which binds in 



TABLE 4. Binding of selected recombinant antibodies and the 
hybridoma-derived antibody 3F4 against cellular PrP" 



Antibody 




Reactivity of antibody against: 




MoPrP 


SHaPrP 


Human PrP 


Bovine PrP 


R10 


+ + + 


+ + + 




+ 


3F4 




4- + + 


+ + + 




? R72 


+ + + 


+ + + 


+ + + 


+ + + 


R2 


+ + + 


+ + + 






R23 




+ + + 


+ + + 




R40 


+ + + 


+ + + 


+ + + 




D14 


+ + + 


+ + + 


+ + + 


+ + 


D18 


+ + + 


+ + + 




+ 


PrP28 


+ + + 


+ + + 




nd 


PrP28 DU>c 


+ + + 


+ + + 




nd 



" Number of plus signs (+) indicates degree of reactivity. no reaction; nd, 
not done. 



the region of residues 109 to 112 (22, 30): These findings sug- 
gest that the C-terminal portion of PrP c , which contains a 
highly ordered structural core composed of helices B and C, 
remains relatively unaltered as PrP c is converted to PrP Sc , 
whereas the N -terminal portion of the molecule undergoes 
extensive conformational rearrangement in which epitopes 
in the N terminus are either altered or buried in PrP v c . This 
conclusion is supported by protein engineering studies showing 
that this region of PrP is essential for PrP Sc formation (20), 
by spectrophotometric studies which illustrate conformational 
plasticity in synthetic peptides corresponding to residues 90- 
145 (35), and by NMR studies which indicate that the N -ter- 
minal portion of PrP between residues 29 and 124 is highly 
flexible (8, 29). 

Recombinant Fabs which did not recognize short linear ami- 
no acid sequences exhibited largely similar PrP reactivities, 
binding to PrP° on the cell surface, recombinant PrP(90-231), 
and PrP 27-30 rods following incubation with denaturing agents. 
These data imply similar epitope presentation between native 
PrP c , recombinant PrP(90-231), and denaturant-treated PrP Sc . 
Hence, following denaturation in GdnSCN, presumably to a 
random coil state, PrP does not refold into the infective form 
but rather into a PrP c -like conformation. Although the epitopes 
of these antibodies have yet to be identified, this study does in- 
dicate that their binding sites are highly conformationally sen- 
sitive and are probably formed from secondary and possibly 
tertiary structural elements of PrP. 

This work was supported by National Institutes of Health grants 
NS14069, AG02132, NS22786, and AG10770. 
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